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The generation of spin current and spin polarization in 2DEG Rashba system is considered, in
which the SOC is modulated by an ac gate voltage. By using non-Abelian gauge field method, we
show the presence of an additional electric field. This field induces a spin current generated even
in the presence of impurity scattering, and is related to the time-modulation of the Rashba SOC
strength. In addition, the spin precession can be controlled by modulating the modulation frequency
of the Rashba SOC strength. It is shown that at high modulation frequency, the precessional motion
is suppressed so that the electron spin polarization can be sustained in the 2DEG.
PACS numbers: 72.25.Dc, 71.70.Ej, 71.10.Ca
The generation of sustained spin current and spin
polarization in semiconductors constitutes one of the
key objectives in spintronics. For that purpose, many
ideas have been proposed including the use of a non-
uniform external magnetic field[1] or by means of optical
excitation[2]. In two-dimensional electron gas (2DEG)
systems, the Rashba spin-orbit interaction has been
touted as one method to generate spin current. How-
ever, the spin of electrons will subsequently undergo pre-
cessional dynamics about the Rashba field resulting in
Zitterbewegung-like motion of the electron, and zero net
transverse spin current on average [3]. An alternative
method to generate spin polarized current and control
spins involves the application of an ac gate voltage in a
quantum well or 2DEG, in order to have a time-varying
Rashba spin-orbital coupling strength[4–6]. The idea is
based on the fact that the Rashba coupling strength can
be tuned by changing the applied gate voltage[7]. How-
ever, since the oscillating spin current changes sign, some
means of rectifying the spin current is required. More re-
cently, the spin Hall effect (i.e., the transverse separation
of electron spins) by means of a time-dependent gauge
field[8] was predicted to lead to a sustained vertical spin
polarization but this only applies in the ballistic limit
(i.e., in the absence of, e.g., impurity scattering).
In this report, we will show that spin current can be
induced by applying a time-varying gate voltage, which
survives even in the presence of impurities. We apply the
gauge field method to obtain a Yang-Mills term which
gives rise to a Lorentz-like force. We show that a finite
spin current is obtained even in the presence of impurity
scattering which cancels away the spin force and the ac-
celeration due to the external electric field. Finally, we
calculate the induced spin polarization as a function of
time, and show that above a critical frequency of the ac
gate voltage, the spin polarization is rectified,
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We first consider the Hamiltonian of a 2DEG with a
time-dependent Rashba SOC:
HRSO =
p2
2m
+ α(t) (pxσy − pyσx) , (1)
in which the Rashba coupling strength can be considered
to consist of static and time-varying parts, i.e., α(t) =
α0 + α1(t), m is the effective electron mass, σi are the
Pauli spin matrices. Equation (1) can be transformed to:
HRSO =
1
2m
[
(px +mασy)
2
+ (py −mασx)2
]
, (2)
after ignoring the higher order terms. We see that
Eq. (2) is similar to the Yang-Mills Hamiltonian HYM =
1/2m(p− eA)2, where A is the gauge field, which in this
case is given by (Ax,Ay) = mα/e(−σy, σx). Since the
SOC strength is time-dependent and [Ax,Ay] 6= 0, hence
the gauge field is time-dependent and non-Abelian. In
order to use the general gauge field theory, we can write
the gauge field as a 4-component vector Aµ, µ = t, x, y, z,
where At = Az = 0. In gauge field theory, the field
strength tensor associated with the gauge field Aµ is:
Fµν = ∂µAν − ∂νAµ − ie~ [Aµ,Aν ] . (3)
The physical fields extracted from the field strength ten-
sor can be considered as effective magnetic field and elec-
tric field with non-zero components:
Bz = Fxy = 2m
2α2
e~
σz, (4)
Ex = ∂tAx = −m
e
∂α
∂t
σy, (5)
Ey = ∂tAy = m
e
∂α
∂t
σx. (6)
These fields exert a Yang-Mills Lorentz-like force on the
electron, and this force is spin-dependent. If an external
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2electric field E is applied then one thus arrives at the
quantum mechanical version of the force equations:
Fi =
2m2α2
~
εij3vjσ3 −m∂α
∂t
εij3σj + eEi. (7)
Noting that the first terms in the above equation are
proportional to the spin current Jzs,i =
~
4{vi, σz} which
is polarized along z-direction, then we can establish the
relation between spin force and spin current as following
Fi =
4m2α2
~2
εij3J
z
s,j −m
∂α
∂t
εij3σj + eEi. (8)
We see that the transverse spin force due to SOC de-
pends either on two different factors: a spin current
transvese to the electric field, or the modulation of SOC
constant. In the presence of impurity with potential
V (r) =
∑N
i=1 φ(r−Ri), modeled by N impurity centers
located at points {Ri}, the above equation is simply mod-
ified by replacing eE → eE − ∇V which is considered
as effective electric field. In the steady state, the aver-
age force must vanish, and the effective field is also can-
celled in average in an infinite, homogeneously disordered
system[9], then we have:〈
Jzs,i
〉
=
~2
4mα2
∂α
∂t
〈σi〉 , (9)
in which 〈...〉 denotes the expectation values taken over
all momentum and spin spaces and impurity configura-
tion. We notice that the transverse spin current in one
direction depends on the spin polarization along that di-
rection. In general, this value may be non-zero and hence
the spin current is sustained. A similar conclusion had
been obtained[10], in which instead of modulating the
SOC, a uniform exchange field due to magnetic impuri-
ties or Coulomb interaction had been introduced. It is
obvious that when the SOC is kept constant, the spin
current will vanish as expected.
Normally, when an electron with, say, a vertical spin
polarization is passed through the Rashba 2DEG system,
its spin will rotate about the in-plane Rashba field result-
ing in Zitterbewung-like motion[3]. As far as the genera-
tion of spin current is concerned, this is undesirable as the
expectation value of the spin polarization is zero. How-
ever, since the precessional motion originates from the
SOC, it is conceivable that by modulating the SOC, one
can modify the precessional motion and in some circum-
stances even suppress it, so as to maintain the spin in
one direction.
To see how this may be achieved, we first examine the
dynamics of electron spin with the modulated SOC. Al-
though the system is time-dependent, the Hamiltonian is
self-commutative at different moments in time. Hence,
the time evolution of the wavefunction can be evaluated
by simple quantum mechanics. The Hamiltonian (1) can
be separated into two parts: time-independent Hamilto-
nian H0 =
p2
2m + α0(pxσy − pyσx), and time-dependent
Hamiltonian H1(t) = α1(t)(pxσy−pyσx). Supposing that
the modulation of the SOC starts at time t = 0, so that
at time t < 0 the system is described by H0 with eigen-
states
|ψ±〉 = 1√
2
( ±e−iθ
1
)
=
1√
2
(±e−iθ |↑〉+ |↓〉) , (10)
in which |↑〉 =
(
1
0
)
, |↓〉 =
(
0
1
)
are the spin-up and
spin-down states, respectively, and tan θ = px/py. We
notice that since the Hamiltonian is self-commutative,
so that the system has the same set of eigenstates all
the time H(t) |ψ±〉 = E±(t) |ψ±〉, but the energy is now
time-dependent
E±(t) = p2/2m± α(t)p. (11)
If initially an electron has spin state |ψ(0)〉 = c+ |ψ+〉+
c− |ψ−〉, then upon entering the 2DEG and experiencing
the Rashba SOC, its state evolves under the full Hamil-
tonian to
|ψ(t)〉 = e− i~
∫ t
0
H(t′)dt′ |ψ(0)〉 =
∑
i=±
cie
− i~
∫ t
0
Ei(t
′)dt′ |ψi〉 .
(12)
For example, supposing that a spin is initially in up-
state |ψ(0)〉 = |↑〉 = eiθ√
2
(|ψ+〉 − |ψ−〉), then at time t it
becomes:
|ψ(t)〉 = e
iθ
√
2
(
e−
i
~
∫ t
0
E+(t
′)dt′ |ψ+〉 − e− i~
∫ t
0
E−(t′)dt′ |ψ−〉
)
.
(13)
This state can be expressed in terms of up and down
states |ψ(t)〉 = c+(t) |↑〉 + c−(t) |↓〉, where the time-
dependent coefficients are easily found to be:
c+(t) = e
iθ cos
[
p
~
∫ t
0
α(t′)dt′
]
, (14)
c−(t) = −i sin
[
p
~
∫ t
0
α(t′)dt′
]
, (15)
after ignoring the overall phase factors. The spin polar-
ization can be considered as the difference between the
probabilities of finding up-spin and down-spin, which is
given by:
Ps(t) = |c+(t)|2 − |c−(t)|2 = cos
[
2p
~
∫ t
0
α(t′)dt′
]
. (16)
We see that in the static case α(t) = α0, the polarization
oscillates as Ps(t) = sinω0t implying the precession mo-
tion, here the Larmor frequency ω0 = 2pα0/~. However,
when the SOC is modulated by applying an ac voltage,
for example α(t) = α0 cosωt, the precession motion could
be controlled or even suppressed when the frequency of
modulation ω is high. Explicitly, the polarization in this
case is Ps(t) = cos
(
ω0
ω sinωt
)
, and its response to dif-
ferent frequencies is depicted in Fig.1. Here, the unit
of time is scaled to 1/ω0, and the unit of frequency is
scaled to ω0. It is straightforward to show that when
ω ≥ ωth = 2ω0/pi, the polarization is always positive
3over time, implying that on average, the spin orienta-
tion is in the up direction. At high frequency ω  ωth,
the spin stays almost constant in the vertical orienta-
tion throughout the oscillatory cycle, i.e., the precession
motion is almost completely suppressed. Numerically,
we can estimate the value of the threshold as following:
the momentum is typically taken as Fermi momentum
pF = mvF with vF = 10
5m/s, the SOC constant is
around ~α0 = 10−11eVm, so that ωth ' 1013Hz.
FIG. 1. (Color online). The spin polarization at different
frequencies of gate voltage, the time is scaled to 1/ω0, the
frequency is scaled to ω0.
In conclusion, we have theoretically shown that by
modulating the Rashba SOC strength in a 2DEG with
an ac gate voltage, one can induce an extra field which
can give rise to a spin current even in the presence of
impurities. We calculate the time-dependence of the spin
polarization induced by the time-dependent Rashba SOC
strength. We found that the spin precessional motion
due to the static Rashba effect is suppressed when the
modulation frequency of the Rashba coupling strength
is increased. We obtain a critical frequency above
which the spin polarization of current is not reversed
throughout the precessional cycle. At high modulation
frequency, the precessional motion is suppressed, so that
the electron spin is kept almost constant in the vertical
direction.
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